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Introduction {#sec1}
============

Myeloid cell leukemia-1 (MCL-1) was originally identified as an early induced gene in human myeloid leukemia cell differentiation ([@bib34], [@bib49], [@bib64]). MCL-1 is structurally similar to other anti-apoptotic BCL-2 (B cell lymphoma-2) family proteins (i.e. BCL-2, BCL-XL \[B cell lymphoma extra-large\]) ([@bib10]). However, its larger, unstructured N-terminal domain and shorter half-life likely indicated that MCL-1 was not completely functionally redundant with other anti-apoptotic proteins ([@bib46]). Supporting this idea, MCL-1 has been shown to be essential for embryonic development and for the survival of various cell types, including cardiomyocytes, neurons, and hematopoietic stem cells ([@bib50], [@bib44], [@bib1], [@bib61], [@bib60], [@bib57]).

MCL-1 is one of the most amplified genes in human cancers and is frequently associated with resistance to chemotherapy ([@bib2], [@bib46]). Earlier work demonstrated that *MCL-1* genetic deletion is peri-implantation lethal in embryogenesis, not due to defects in apoptosis, but rather due to a combination of an embryonic developmental delay and an implantation defect ([@bib50]). However, the nonapoptotic mechanism by which MCL-1 functions in normal and cancerous cells is still unclear. We previously reported that MCL-1 regulates mitochondrial dynamics in human pluripotent stem cells (hPSCs, which refer to both human embryonic stem cells \[hESCs\] and induced pluripotent stem cells \[hiPSCs\]) ([@bib48]). We found that MCL-1 maintains mitochondrial network homeostasis in hPSCs through interactions with dynamin-related protein 1 (DRP-1) and optic atrophy type 1 (OPA1), two GTPases responsible for maintaining mitochondrial morphology and dynamics. In this study, we investigated whether this nonapoptotic role of MCL-1 remains as stem cells differentiate, using cardiomyocytes derived from human-induced pluripotent stem cells (hiPSC-CMs).

Mitochondrial fusion promotes elongation of the mitochondrial network, which is key for mitochondrial DNA (mtDNA) homogenization and efficient assembly of the electron transport chain (ETC) ([@bib62], [@bib19]). Loss of mitochondrial fusion has been implicated as a mechanism for the onset of dilated cardiomyopathy and reported to also contribute to hypertrophic cardiomyopathy and other heart diseases ([@bib14], [@bib15], [@bib43]). Mitochondrial homeostasis is essential during cardiomyocyte differentiation and embryonic cardiac development ([@bib31], [@bib32], [@bib11]). However, there is limited information about the mechanisms used by cardiomyocytes to minimize the risks for apoptosis, especially in cells derived from highly sensitive stem cells ([@bib27], [@bib41], [@bib21], [@bib16], [@bib59]).

Ultrastructural changes in mitochondria have long been observed in response to alterations in oxidative metabolism ([@bib66], [@bib67]). It has become increasingly clear that individual mitochondrial shape changes can also have dramatic effects on cellular metabolism ([@bib8], [@bib26], [@bib28], [@bib6]). Several studies in the heart suggest that alterations in mitochondrial dynamics cause abnormal mitochondrial quality control, resulting in the buildup of defective mitochondria and reactive oxygen species (ROS) ([@bib20], [@bib55]). Interestingly, it has been shown that modulating the production of ROS can favor or prevent differentiation into cardiomyocytes ([@bib4], [@bib40]). Thus, specific metabolic profiles controlled by mitochondrial dynamics are likely critical for hiPSC-CMs, because they can influence cell cycle, biomass, metabolite levels, and redox state ([@bib65]).

It is not completely understood how dynamic changes in metabolism affect cardiomyocyte function. Deletion of MCL-1 in murine heart muscle resulted in lethal cardiomyopathy, reduction of mitochondrial DNA (mtDNA), and mitochondrial dysfunction ([@bib57], [@bib60]). Inhibiting apoptosis via concurrent BAK/BAX knockout allowed for the survival of the mice; conversely, the mitochondrial ultrastructure abnormalities and respiratory deficiencies were not rescued. These results indicate that MCL-1 also has a crucial function in maintaining cell viability and metabolic profile in cardiomyocytes. Despite these efforts, the nonapoptotic mechanism by which MCL-1 specifically functions in cardiomyocytes is still unknown. Furthermore, the role for MCL-1 in the regulation of mitochondrial dynamics in cardiac cells has not yet been defined. Here we report that MCL-1 inhibition via BH3 mimetics caused severe contractility defects and impaired long-term survival of hPSC-CMs, due to MCL-1\'s essential function regulating mitochondrial morphology and dynamics.

Results {#sec2}
=======

MCL-1 Inhibition Causes Severe Defects in hiPSC-CM Mitochondrial Network {#sec2.1}
------------------------------------------------------------------------

Recently published small molecule inhibitors of MCL-1 have been anticipated as potent anti-tumor agents against MCL-1-dependent cancers with limited cardiotoxicity in mouse models ([@bib13], [@bib33], [@bib37]). Thus, we chose to use hiPSC-CMs to examine the effects of MCL-1 inhibition on mitochondrial morphology using the small molecule inhibitor S63845 ([@bib33]), combined with structured illumination microscopy (SIM) to observe mitochondria at high resolution. Cardiomyocytes were imaged after 4 days of treatment with vehicle (DMSO) or MCL-1 inhibitor (S63845) and the caspase inhibitor Q-VD-OPh (QVD) to prevent downstream effects of apoptosis on mitochondrial morphology ([Figures 1](#fig1){ref-type="fig"}A--1C). Mitochondrial networks in S63845-treated cells were severely disrupted, with individual mitochondria becoming shorter in length and more globular on average, as opposed to elongated networks in control cells. Quantification of SIM images shows a significant reduction in average mitochondrial length ([Figure 1](#fig1){ref-type="fig"}D) and a significant increase in mitochondria sphericity ([Figure 1](#fig1){ref-type="fig"}E) compared with control cells. In addition to S63845, we also tested two other small molecule MCL-1 inhibitors, AMG-176 (AMG) and AZD5991 (AZD) ([@bib7], [@bib58]). Although we observed mitochondrial defects in both inhibitor conditions ([Figures 1](#fig1){ref-type="fig"}F--1H), mitochondrial morphology in AMG-treated cells was not significantly different compared with control cells ([Figures 1](#fig1){ref-type="fig"}I and 1J). Quantification of SIM images shows a significant reduction in average mitochondrial length in cells treated with AZD ([Figure 1](#fig1){ref-type="fig"}I).Figure 1MCL-1 Inhibition Causes Mitochondrial Fragmentation(A) Schematic of cell treatment paradigm used throughout this study. Structured Illumination Microscopy (SIM) was used for acquisition of all super-resolution images. hiPSC-CMs were treated with vehicle DMSO (B) or 2 μM S63845 (C) and Q-VD-Oph (QVD). Quantification of average mitochondrial length (D) and mitochondrial sphericity (E) are shown, in which a spherical object would have a value of 1.0. hiPSC-CMs were treated with vehicle DMSO (F), 2 μM AMG-176 (G), or 2 μM AZD5991 (H) and QVD. Insets show magnification of individual mitochondria morphology. Scale: 5 μm for all mitochondria images. Representative images are shown for all panels. Quantification of mitochondrial length (I) and mitochondrial sphericity (J) are shown, with AZD5991 treatment significantly decreasing average mitochondrial length. Graphs represent mean ± SEM from at least three independent experiments (n \> 20 cells per condition). See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Corresponding with the fragmented mitochondrial phenotypes seen in S63845-treated cells, we also observed impaired mitochondrial respiration as measured by the Seahorse XFe96 analyzer. MCL-1 inhibition significantly lowered the maximum oxygen consumption rate (OCR) after addition of FCCP, an uncoupler of oxidative phosphorylation (OXPHOS) ([Figure S1](#mmc1){ref-type="supplementary-material"}A). ATP production was significantly reduced in S63845-treated cells as calculated from the OCR trace ([Figure S1](#mmc1){ref-type="supplementary-material"}B). QVD was added to account for any effects on metabolism due to downstream apoptosis, but cells displayed similar OCR and ATP production as with S63845 alone ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D).

Recent reports have determined that MCL-1 functions not only as an apoptosis regulator but also as a modulator of mitochondrial morphology and dynamics ([@bib47], [@bib39], [@bib48]). Thus, we hypothesized that inhibiting MCL-1 with BH3 mimetics would affect the functionality of human cardiomyocytes, due to the disruption of crucial MCL-1 interactions with the mitochondrial dynamics machinery, which will ultimately lead to cell death.

MCL-1 Inhibition Affects Contractility of hiPSC-CMs and Myofibril Assembly in a Caspase-Independent Manner {#sec2.2}
----------------------------------------------------------------------------------------------------------

Previous studies focused on human cardiomyocytes have suggested an effect of MCL-1 inhibition on mitochondrial morphology and mild effects on overall cardiac function ([@bib24]). However, MCL-1 inhibition by S63845 was shown to have minimal effects on murine ejection fraction ([@bib33]). These results are intriguing, considering previous studies reporting that MCL-1 deletion from murine cardiomyocytes has severe effects on mitochondrial morphology and cardiac function, which were not rescued by co-deletion of BAK and BAX ([@bib60]). We treated hiPSC-CMs with S63845, while inhibiting caspase activity using QVD, and measured spontaneous cardiac beating using the AxionBiosystems analyzer ([@bib12]) ([Figure 2](#fig2){ref-type="fig"}A). We also used the BCL-2 inhibitor, Venetoclax (ABT-199) ([@bib56]), to probe whether these cells are also sensitive to BCL-2 inhibition. We observed that only MCL-1 inhibition caused severe defects in cardiomyocyte functionality within 48 h of treatment ([Figures 2](#fig2){ref-type="fig"}B--2F). In particular, spike amplitude mean ([Figure 2](#fig2){ref-type="fig"}B) and spike slope mean ([Figure 2](#fig2){ref-type="fig"}C) were significantly decreased at 20 and 48 h, whereas beat period irregularity was significantly increased at 20 h post-treatment ([Figure 2](#fig2){ref-type="fig"}D). BCL-2 inhibition did not cause changes in cardiac beating ability compared with DMSO control in any of the measured parameters ([Figures 2](#fig2){ref-type="fig"}B--2F), suggesting that the function of hiPSC-CMs is highly dependent on MCL-1, but not BCL-2. S63845-treated cells stopped beating completely at 48 h, accounting for the decrease in beat period mean and beat period irregularity at this time point ([Figures 2](#fig2){ref-type="fig"}D and 2E). The field potential duration (FPD) was not detectable after 20 h of MCL-1 inhibition ([Figure 2](#fig2){ref-type="fig"}F). We also observed similar defects in cardiomyocyte functionality in cells treated with AZD, but not AMG ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2E).Figure 2MCL-1 Inhibition Causes Functional Defects and Disruption of Myofibrils(A--F) (A) Schematic of AxionBiosystems MEA paradigm for recording cardiac performance in live cells. hiPSC-CMs were plated on a CytoView MEA plate (AxionBiosystems) and treated with either vehicle (DMSO), 0.5 μM S63845, or 0.5 μM ABT-199 and QVD. Live-cell activity was recorded at baseline (0 h), 2 h, 20 h, and 48 h post-initial treatment for 5 min each. Spike amplitude mean (B) and spike slope mean (C) were both decreased by 20 h and completely reduced by 48 h in the S63845 condition. Beat period irregularity (D) was increased at 20 h in S63845-treated cells before cells stopped beating at 48 h, whereas DMSO and ABT-199 had low levels of beat period irregularity at 48 h. Beat period mean (E) remained at levels comparable to DMSO control before cells stopped beating at 48 h, whereas field potential duration (FPD) mean (F) was not detectable after 20 h. p values show significance as follows: ∗ = DMSO + QVD versus S63845 + QVD, \# = ABT-199 + QVD versus S63845 + QVD. One symbol indicates p \< 0.05, two symbols indicate p \< 0.01, three symbols indicate p \< 0.001, and four symbols indicate p \< 0.0001. p values were determined by two-way ANOVA. Graphs represent mean ± SEM.(G) Representative montage from GCaMP calcium indicator time-lapse imaging in hiPSC-CMs treated with DMSO + QVD or S63845 + QVD (top). Representative kymographs of calcium pulses from individual cells treated with DMSO + QVD or S63845 + QVD (bottom).(H) Quantification of calcium influx from hiPSC-CMs treated with QVD and either vehicle DMSO, S63845, AMG-176, or AZD5991, in which a value of 1.0 indicates no change in fluorescence intensity. n = 60 cells from three independent experiments. Symbols indicate mean and error bars indicate ±SD.(I) Proportion of beating versus not beating hiPSC-CMs in each condition as observed by light microscopy. Significance between beating versus not beating cells was determined by Chi-square test. Error bars indicate ±SD and percentages were pooled from three experiments.(J) Vehicle-treated hiPSC-CMs have organized myofibril structure as shown by maximum intensity projections. hiPSC-CMs treated with 2 μMS63845 have myofibrils that are unorganized and poorly defined Z-lines. Scale: 5 μm. Representative images are shown for all panels.(K) Quantification of myofibril phenotypes represented in panel I (n \> 20 cells per condition from three separate experiments). Error bars indicate ±SD.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

In a previous report, MCL-1 inhibition using RNAi also resulted in mitochondria morphology defects including severe cristae disruption and remarkable vacuolation in the mitochondrial matrix ([@bib24]). In this study, MCL-1 knockdown by siRNA ([Figures S2](#mmc1){ref-type="supplementary-material"}F and S2G) also caused increased beat period irregularity ([Figure S2](#mmc1){ref-type="supplementary-material"}H), increased max delay mean ([Figure S2](#mmc1){ref-type="supplementary-material"}I), and decreased FPD mean ([Figure S2](#mmc1){ref-type="supplementary-material"}J). These results suggest that MCL-1 inhibition in human cardiomyocytes causes bradycardia- and arrhythmia-like phenotypes.

Because MCL-1 inhibition disrupted hiPSC-CM spike amplitude mean, we decided to probe whether calcium influx was also impaired in these cells. We visualized calcium dynamics using the GCaMP5G calcium reporter in hiPSC-CMs ([Figure 2](#fig2){ref-type="fig"}G). In DMSO-treated cells, we measured approximately a 1.9-fold increase in signal intensity ([Figure 2](#fig2){ref-type="fig"}H). As a positive control, we treated cells with cadmium chloride (CdCl~2~), a calcium channel blocker, which completely disrupted calcium intake, giving a ratio of 1.0. Consistent with our results with the MEA recordings, calcium signal intensity was significantly reduced in hiPSC-CMs treated with S63845 or AZD. AMG treatment caused a significant, but less severe, reduction in calcium intake. We also measured beating by light microscopy and found that MCL-1 inhibition reduced the proportion of beating cells in a dose-dependent manner ([Figure 2](#fig2){ref-type="fig"}I).

Intriguingly, we also observed significant changes in the structure of the actin network and subsequent myofibril organization in cells treated with any of the MCL-1 inhibitors ([Figures 2](#fig2){ref-type="fig"}J and [S2](#mmc1){ref-type="supplementary-material"}K). hiPSC-CMs treated with MCL-1 inhibitors displayed poor Z-line organization, lower density of F-actin, and increased presence of stress fibers. Blinded quantification of F-actin organization revealed that MCL-1-inhibitor-treated cells had significantly less organized myofibril structure ([Figures 2](#fig2){ref-type="fig"}J and [S2](#mmc1){ref-type="supplementary-material"}K).

MCL-1 Co-localizes with Mitochondrial Dynamics Proteins in hiPSC-CMs, and S63845 Disrupts MCL-1:DRP-1 Co-localization {#sec2.3}
---------------------------------------------------------------------------------------------------------------------

Because MCL-1 inhibition disrupted mitochondrial network integrity in hiPSC-CMs and MCL-1 depletion affects mitochondrial dynamics proteins DRP-1 and OPA1 ([@bib48]), we next examined the effects of MCL-1 inhibition on the expression levels of these proteins in hiPSC-CMs. S63845-treated cells had a significant increase in the expression levels of DRP-1 ([Figures 3](#fig3){ref-type="fig"}A, 3B, and [S3](#mmc1){ref-type="supplementary-material"}A--S3C) but not in phospho-DRP-1 (pDRP-1 S616) ([Figure 3](#fig3){ref-type="fig"}C). MCL-1 expression levels were significantly increased ([Figures 3](#fig3){ref-type="fig"}D and 3E). Previous studies also reported this induction of MCL-1 protein expression upon MCL-1 inhibition ([@bib33]). There were no significant changes in OPA1 ([Figures 3](#fig3){ref-type="fig"}D and 3E) or TOM20 ([Figures 3](#fig3){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}D). We then assessed whether MCL-1 interacts with DRP-1 and OPA1 using *in situ* proximity ligation assay (PLA). Our data show that MCL-1 is in close proximity to both DRP-1 and OPA1 ([Figures 3](#fig3){ref-type="fig"}G--3J). PLA puncta were quantified and normalized to the number of puncta in the control sample (no primary antibody) ([Figure S3](#mmc1){ref-type="supplementary-material"}E). The co-localization of MCL-1 with DRP-1 ([Figures 3](#fig3){ref-type="fig"}G and 3H), but not OPA1 ([Figures 3](#fig3){ref-type="fig"}I and 3J), was disrupted upon inhibition of MCL-1 with S63845, suggesting that MCL-1 interacts with DRP-1 through its BH3-binding groove.Figure 3MCL-1 is in Close Proximity to Mitochondrial Dynamics Proteins(A--C) (A) Western blot showing total and phospho-DRP-1 expression in hiPSC-CMs treated with DMSO + QVD or S63845 + QVD. Quantification of DRP-1 (B) and pDRP-1 S616 (C) band density relative to α-Tubulin (n = 3 independent experiments).(D--F) (D) Western blot showing OPA1, MCL-1, and TOM20 levels in hiPSC-CMs treated with S63845 + QVD. Quantification of MCL-1 (E) and OPA1 (F) band density relative to α-Tubulin (n = 3 independent experiments).(G--J) Representative ROIs of PLA showing MCL-1:DRP-1 (G) or MCL-1:OPA1 (I) puncta in vehicle- or S63845-treated hiPSC-CMs. Scale: 5 μm. Quantification of PLA puncta from MCL-1:DRP-1 (H) or MCL-1:OPA1 (J) interactions (n = 10--15 ROIs per condition from three independent experiments).All graphs represent mean ± SD. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

To further assess the disruption of the mitochondrial network caused by MCL-1 inhibition, we employed an assay using a photo-convertible plasmid (mito-tdEos) to assess connectivity and fusion/motility of mitochondria. After photo-converting an area of the mitochondrial network, we assessed the spread of red signal, which we used as a proxy for mitochondrial fusion. We observed that in cells treated with MCL-1 inhibitor, both the initial converted area and the spread of the converted red signal after 20 min were significantly decreased, indicating impaired mitochondrial fusion ([Figures 4](#fig4){ref-type="fig"}A--4D). This phenomenon was DRP-1 dependent, because cells deficient in DRP-1 maintained an elongated network even when treated with S63845 ([Figures 4](#fig4){ref-type="fig"}E, 4F, [S4](#mmc1){ref-type="supplementary-material"}A, and S4B).Figure 4MCL-1 Inhibition Results in Mitochondrial Fragmentation in a DRP-1-Dependent Manner(A--D) (A) Vehicle- and (B) S63845-treated hiPSC-CMs were transfected with mito-tdEos and a small area was photoconverted (see methods). Cells were imaged for 20 min post-conversion to assess mitochondrial network connectivity. Scale: 5 μm. Quantification of the initial converted area normalized to total unconverted area (C) and fold change in converted area after 20 min (D) shows decreased initial connectivity and mitochondrial fusion after treatment with 2 μM S63845 and QVD (MCL-1*i*).(E) Quantification of initial converted area normalized to total unconverted area in hiPSC-CMs transfected with control siRNA or siRNA targeting DRP-1 ±MCL-1*i* (2 μM S63845) and QVD.(F) Quantification of fold change in converted area after 20 min in same treatments from [Figure 4](#fig4){ref-type="fig"}E. Boxplots represent median of three independent experiments and Tukey whiskers.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

MCL-1 Inhibition Results in hiPSC-CM Death {#sec2.4}
------------------------------------------

To examine whether hiPSC-CMs treated with MCL-1 inhibitor were undergoing apoptosis, we treated the cells with increasing doses of S63845 and examined the activation of caspase-3 and caspase-7. Cells responded to S63845 in a dose-dependent manner after 48 h, with 1--2 μM inducing the most caspase activity ([Figure 5](#fig5){ref-type="fig"}A). We observed a similar dose response with both AMG and AZD ([Figure 5](#fig5){ref-type="fig"}B). It is important to note that S63845 and AZD5991 have a similar chemical structure, and that these two inhibitors had more severe effects on cardiomyocytes overall ([@bib25]). To confirm that cells were undergoing a caspase-dependent cell death, we performed long-term live cell imaging in the presence of MCL-1 inhibitors with and without caspase inhibition ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4D). We observed similar levels of death regardless of caspase inhibition. These results indicate that hiPSC-CMs are also committing to a caspase-independent cell death in response to MCL-1 inhibition. To assess the type of death caused by MCL-1 inhibition, we treated the cells with IM-54, a known inhibitor of necrosis. IM-54 treatment rescued the toxicity caused by MCL-1 inhibition ([Figure 5](#fig5){ref-type="fig"}C).Figure 5MCL-1 Inhibition Causes Cell Death in hiPSC-CMs that is Blocked by a Necrosis Inhibitor(A and B) hiPSC-CMs were treated with increasing doses of S63845 (A) or AMG-176, and AZD5991 (B) for 48 h before caspase activity was measured by CaspaseGlo 3/7 assay (Promega). Quantification shows results from at least three independent experiments performed in duplicate and were normalized to DMSO control. Graphs represent mean ± SEM.(C) CellTiter-Blue assay (Promega) was used to assess cell viability in hiPSC-CMs. p values were calculated by one-way ANOVA. Data was quantified from three independent experiments performed in triplicate. Boxplots show median with Tukey whiskers.See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

Previous reports have established that iPSC-derived cardiomyocytes mimic immature progenitor cells. To test the possibility that the effects of the MCL-1 inhibitors were exacerbated by the immature state of hiPSC-CMs, we used a previously published hormone-based method for cardiomyocyte maturation ([Figures 6](#fig6){ref-type="fig"}A and 6B) ([@bib23], [@bib45]). We tested for caspase-3/7 activation after 24 h of treatment with increasing doses of S63845 and detected similar effects of MCL-1 inhibition in hormone-matured hiPSC-CMs and vehicle-treated hiPSC-CMs ([Figures 6](#fig6){ref-type="fig"}C and 6D). Importantly, treatment of these hormone-matured hiPSC-CMs also results in decreased functionality in response to a low dose of MCL-1 inhibitor (100 nM S63845) ([Figures 6](#fig6){ref-type="fig"}E--6G).Figure 6MCL-1 Inhibition Induces Caspase Activity and Reduces Functionality of Matured hiPSC-CMs(A) Schematic of maturation protocol for hiPSC-CMs using hormone method.(B) hiPSC-CMs treated with dexamethasone (Dex) and triiodothyronine (T3) display more mature myofibril phenotype compared with vehicle-treated control cells. Scale: 10 μm.(C and D) (C) Vehicle- or (D) Dex + T3-treated hiPSC-CMs were exposed to S63845 at increasing doses for 24 h. Caspase activity was measured as in [Figures 5](#fig5){ref-type="fig"}A and 5B using the CaspaseGlo 3/7 assay. Quantification was performed from three independent maturation experiments in duplicate. Graphs represent mean ± SEM.(E--G) CardioExcyte96 recordings show disruption of cardiac activity in Dex + T3-matured hiPSC-CMs when treated with 100 nMS63845. Data were quantified for Time to Peak (E), Time to Fall (TFall) (F), and Width50 (G). Quantification was performed from three independent maturation experiments for at least 5 wells per condition. p values were calculated by two-way ANOVA and graphs show mean ± SEM.

Long-term MCL-1 Inhibition, but Not BCL-2 Inhibition, Causes Defects in Cardiomyocyte Functionality {#sec2.5}
---------------------------------------------------------------------------------------------------

MCL-1 inhibition has significant effects on hiPSC-CM contractility and functionality when used at higher doses. To test if MCL-1 inhibition still affects cardiac functionality at lower doses, we treated hiPSC-CMs for two weeks (with treatments every two days) with 100 nM S63845. We also treated cells with the BCL-2 inhibitor ABT-199 (100 nM) and a combination of S63845 + ABT-199 (100 nM each). MCL-1 inhibition significantly disrupted hiPSC-CM spike amplitude mean and spike slope mean ([Figures 7](#fig7){ref-type="fig"}A and 7B). Although there were minimal differences between treatments in the beat period mean or FPD mean ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B), spike slope mean ([Figure 7](#fig7){ref-type="fig"}B), conduction velocity mean ([Figure 7](#fig7){ref-type="fig"}C), max delay mean ([Figure 7](#fig7){ref-type="fig"}D), and propagation consistency ([Figure 7](#fig7){ref-type="fig"}E) were significantly lowered in both the S63845 condition and when combined with ABT-199. Cells treated with ABT-199 appeared healthy and were functionally similar to control cells throughout the experiment ([Figures 7](#fig7){ref-type="fig"}A--7E, [S6](#mmc1){ref-type="supplementary-material"}A, and S6B). Cells displayed mitochondrial network and actin disruption in the S63845-treated condition, and even more severe phenotypes were observed in cells treated with both inhibitors when compared with control cells ([Figures 7](#fig7){ref-type="fig"}F--7I and [S6](#mmc1){ref-type="supplementary-material"}C--S6F). BCL-2 inhibition had little effect on mitochondrial network organization and virtually no effect on myofibril organization ([Figures 7](#fig7){ref-type="fig"}H and [S6](#mmc1){ref-type="supplementary-material"}E). Our results further support the idea that MCL-1 is essential for maintaining mitochondrial homeostasis of human cardiomyocytes ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 7Long-term MCL-1 Inhibition Causes Defects in Functionality and Mitochondrial Morphology of hiPSC-CMs(A--E) Chronic inhibition of MCL-1, but not BCL-2, results in cardiac activity defects. hiPSC-CMs were treated every 2 days with DMSO, 100 nM S63845 (orange), 100 nM ABT-199 (green), or both inhibitors (magenta) for 14 days. MEA recordings were taken 2 h following each treatment for 5 min, and results were normalized to baseline recording for each respective well, followed by normalization to DMSO (gray dotted line). Results of recordings for spike amplitude mean (A), spike slope mean (B), conduction velocity mean (C), max delay mean (D), and propagation consistency (E) are shown. p values show significance as follows: ∗ = DMSO versus S63845, † = DMSO versus Combination, \# = S63845 versus ABT-199, ‡ = S63845 versus Combination, • = ABT-199 versus Combination. One symbol indicates p \< 0.05, two symbols indicate p \< 0.01, three symbols indicate p \< 0.001, and four symbols indicate p \< 0.0001. p values were determined by two-way ANOVA. Graphs represent mean ± SEM.(F--I) Mitochondria and F-actin were imaged at the end of the treatment paradigm in [Figures 6](#fig6){ref-type="fig"}A--6E. Representative images are shown of cells treated with DMSO (F), 100 nM S63845 (G), 100 nM ABT-199 (H), and 100 nM S63845 + 100 nM ABT-199 (Combination) (I). Scale: 10 μm. See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

Recent studies have implicated MCL-1 in the maintenance of mitochondrial homeostasis in various cell types ([@bib46], [@bib48], [@bib52]). In this report, we show that MCL-1 inhibition affects human cardiomyocyte functionality potentially due to MCL-1\'s nonapoptotic role in modulating mitochondrial dynamics. Inhibition of MCL-1 using BH3 mimetics is a promising strategy to treat tumors ([@bib25]), because resistance to chemotherapy is often associated with MCL-1 upregulation ([@bib33]). To optimize the use of MCL-1 inhibitors, a deeper understanding of the biology of MCL-1 is crucial. Our studies show that MCL-1 inhibition affects human cardiomyocyte functional parameters such as spike amplitude, beat propagation, and conduction velocity, which overlap with disruption of the mitochondrial and actin networks, ultimately leading to cell death.

Cardiomyocytes exposed to MCL-1 inhibitors appear to exhibit bradycardia and arrhythmia phenotypes. Interestingly, these phenotypes were not seen in cells treated with Venetoclax, indicating that hiPSC-CMs are less dependent on BCL-2 and highlighting a potential role for MCL-1 beyond its canonical function in apoptosis. This is further supported by the finding that hiPSC-CMs treated with 100 nM S63845 alone were alive, but not beating, after two weeks of treatment.

We hypothesize that this alternate function of MCL-1 in maintaining mitochondrial homeostasis is due to its interactions with DRP-1 and OPA1, which are essential regulators of mitochondrial morphology and dynamics ([@bib35], [@bib42]). Treatment of iPSC-CMs with MCL-1 inhibitor caused disruption of the mitochondrial network and significantly decreased MCL-1 proximity to DRP-1 at the mitochondria. Because the interaction with OPA1 was not disturbed, it is possible that MCL-1 interacts with OPA1 either through a different domain or with a different isoform of OPA1 in hiPSC-CMs than in hPSCs ([@bib48]). Another possibility is that, upon differentiation, the small molecule can no longer penetrate the inner mitochondrial membrane. We also confirmed that the mitochondrial network disruption is dependent on DRP-1, because DRP-1 knockdown prevented the fragmentation caused by MCL-1 inhibition. The recruitment of DRP-1 to the mitochondria has been proposed to be a critical inducer of mitophagy ([@bib36], [@bib29], [@bib5]). Thus, an interesting possibility is that inhibition of MCL-1 is decreasing clearing of damaged mitochondria in cardiomyocytes. It will be important to test if key proteins involved in mitophagy are affected in the presence of MCL-1 inhibitors.

The photo-conversion experiments in this study did not test for fragmentation directly; thus it is possible that the mitochondrial phenotypes are caused by a lack of fusion or mitochondrial motility. Further studies into the mechanism of MCL-1\'s interaction with DRP-1 and OPA1 could shed light on this possibility. In contrast to iPSCs ([@bib48]), S63845 did not affect the proximity of MCL-1 with OPA1 at the mitochondria. MCL-1 at the mitochondrial matrix has been proposed to regulate β-oxidation of long fatty acids through interactions with VLCAD, and deletion of MCL-1 from the matrix caused hyperactivity of β-oxidation ([@bib68]). It is tempting to speculate that inhibiting MCL-1 at the matrix of human cardiomyocytes would result in significant damage to the heart.

We investigated the effects of MCL-1 inhibition on calcium flux using the GCaMP5G calcium reporter. Our data show a significant decrease in calcium flux with all inhibitors tested. These results could help explain the loss of functionality caused by MCL-1 inhibition. In addition to this loss of cardiomyocyte functionality, MCL-1 inhibition also caused significant disruption of actin networks within hiPSC-CMs. There are many possible mechanisms that could drive this phenotype. One hypothesis is that disruption of actin networks could be a result of decreased calcium flux and resultant loss of cardiomyocyte beating. Indeed, previous studies have shown that the maintenance of proper myofibril organization requires functional calcium channels and cellular contractility ([@bib53], [@bib54]). Future studies should aim to test other potential hypotheses, such as altered metabolism and ROS production. Furthermore, cardiomyocytes treated with BH3 mimetics show a mild dose-dependent activation of caspase-3 that was inhibited by QVD. However, when measuring overall cell viability, the most significant rescue of viability was achieved by the necrosis inhibitor, IM-54. How is inhibition of MCL-1 triggering caspase-independent cell death that is blocked by this necrosis inhibitor? Mitochondrial disruption induced by BH3 mimetics may cause increased oxidative stress that results in the loss of function and viability of cardiomyocytes. This is in agreement with a previous report ([@bib57]) that demonstrated the induction of necrosis in *Mcl-1*-deficient murine hearts. The data in this study showed that *Mcl-1* deletion did not result in the massive loss of myocytes due to apoptosis ([@bib57]). It would be of interest to examine the molecular mechanisms behind this phenotype.

MCL-1 inhibition also caused cardiomyocyte death in hormone-matured cells ([@bib45]). Although apoptosic sensitivity has been shown to decrease throughout development ([@bib63], [@bib51]), these matured cells were more sensitive to S63845 treatment than vehicle-treated cells. It would be of interest to determine whether MCL-1 function in mitochondrial dynamics affects the maturation of iPSC-CMs or heart development *in vivo* ([@bib31], [@bib17], [@bib45]). We speculate that other determinants of mitochondrial homeostasis, including mitochondrial biogenesis and mitophagy, may be affected by MCL-1 deficiency as cardiomyocytes mature. Although previous studies reported limited effects of S63845 on mouse heart function, a recent study using a humanized mouse model demonstrated that S63845 binds human MCL-1 with higher affinity than mouse MCL-1 ([@bib33], [@bib3]). Although this study did not report significant effects to the heart of humanized mice treated with S63845, the potential interactions of human MCL-1 with mitochondrial dynamics proteins and VLCAD may be species specific and not completely recapitulated in this mouse model. Collectively these reports highlight the importance of further research on the effect of MCL-1 on human-specific mitochondrial dynamics and metabolism. These results together with previous work from other groups ([@bib57], [@bib60]) suggest that hiPSC-CMs may be an appropriate platform to assess the safety and potential off-target effects of MCL-1 inhibitors on adult human hearts.

Studies from our laboratory suggest that inhibition of MCL-1 induces the differentiation of iPSCs ([@bib48]), which is likely associated with changes in metabolism to support cell-type-specific processes ([@bib18]). Because mitochondrial morphology is tightly coupled to metabolic adaptations, future studies will aim to investigate whether MCL-1 inhibition may cause a metabolic switch from fatty acid β-oxidation to glycolysis. Cardiac contractions depend on energy from these metabolic pathways, and thus cardiac mitochondria are forced to work constantly and likely require strict quality control mechanisms to maintain a functioning state ([@bib15]). This quality control process could depend in part on MCL-1. In support of this idea, our studies indicate that MCL-1 activity is essential for hiPSC-CM viability and contractility, which could be linked to MCL-1\'s nonapoptotic function at the mitochondrial matrix. The eventual apoptotic response detected at later time points could be the result of mitochondrial ROS signaling to trigger translocation and activation of BAX ([@bib9]). The disruption of actin and myofibril morphology could also be explained by heightened ROS induction and downstream ROS-mediated damage. Another important aspect that needs to be evaluated is the prevalence of phenotypically normal genetic variants that could predispose otherwise healthy individuals to stress-related cardiomyopathy ([@bib22]). Our results emphasize the need for a more complete molecular understanding of MCL-1\'s mechanism of action in human cardiomyocytes, as it may reveal new approaches to prevent potential cardiac toxicities associated with chemotherapeutic inhibition of MCL-1.

Limitations of the Study {#sec3.1}
------------------------

The protocol for myocyte maturation used in this study involves treatment with both tri-iodo-L-thyronine (T3) and dexamethasone, which leads to the generation of extensive T-tubule network and other functional traits of mature myocytes ([@bib45]). Although effective in generating "matured" T-tubule structures, we did not fully evaluate other traits of cardiomyocyte maturation. Thus, our study could be complemented by other approaches to achieve myocyte maturation (e.g. altering the metabolic state, co-culturing with mesenchymal stem cells, or using three-dimensional approaches) ([@bib38], [@bib30]). Collective data, however, suggest that MCL-1 activity is required for normal cardiac myocyte mitochondrial activity. The results reported here further support the validity for testing small molecule MCL-1 inhibitors in human iPSC-derived model systems that could reveal potential toxicity prior to admission in phase 1 clinical trials.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Trasparent Methods and Figures S1--S7

We would like to thank Dr. Kevin Ess and John Snow for providing access and critical technical support with the AxionBiosystems MEA analyzer. We would also like to thank Dr. Ian Macara for providing access to the GloMax luminometer and Dr. Bryan Millis for providing expertise with high-resolution microscopy. This work was supported by 1R35 GM128915-01NIGMS (to VG), 4R00CA178190NCI (to VG), 1R21CA227483-01A1NCI (to VG), 19PRE34380515AHA (to MLR), 18PRE33960551AHA (to NT), 19POST34380182AHA (to LW), and R35 GM125028-01NIGMS (to DTB). The Vanderbilt Cell Imaging Shared Resource is supported by NIH grants 1S10OD012324-01 and 1S10OD021630-01. The authors declare no competing financial interests.

Author Contributions {#sec5}
====================

V. Gama, M. Rasmussen, and N. Taneja conceived the study, designed experiments, interpreted data, and wrote the manuscript. M. Rasmussen and N. Taneja designed and carried out all the cell biology experiments, with input from D. Burnette. A. Neininger performed mitochondrial morphology analysis. L. Wang performed CM differentiation and maturation, and technical support was provided by A. Neininger, G. Robertson, S. Riffle, and L. Shi. V. Gama designed and supervised the project. The manuscript was prepared by M. Rasmussen and V. Gama and revised by N. Taneja and D. Burnette. D. Burnette and B. Knollmann provided vital reagents and critical expertise.

Declaration of Interests {#sec6}
========================

The authors declare no competing interests.

Supplemental Information can be found online at <https://doi.org/10.1016/j.isci.2020.101015>.

[^1]: These authors contributed equally

[^2]: Lead Contact
